The number of haptic algorithms has been growing over the past few years. However, little research has been performed in evaluating these algorithms. This paper provides a discussion of how force-feedback algorithms can be empirically evaluated for correctness and performance.
Introduction
As haptics becomes more important and as more and more haptic algorithms are developed, the need for evaluation is becoming more important. During the past few years, several attempts have been made to quantify the benefits of a haptic algorithm. Theoretical approaches tried to quantify the time complexity of different algorithms. Empirical approaches have used a graphical tool, which displays the haptic load.
One of the most important flaws in current evaluation methods is that they do not provide the algorithms with the same data: the haptic load is measured while interacting in real-time with the virtual environment.
We address this problem by presenting the same realworld data to different algorithms. In an interactive session, in which users explore a virtual object with a haptic device, the device's position and velocity are recorded for each loop. This data is then used as input for the other haptic algorithms. Different variables, such as the time needed to execute one haptic loop, are compared.
Evaluation methodology
We will first define what we mean by a haptic algorithm. A geometric haptic algorithm is an algorithm that consists of two steps: a collision detection step that determines if the user's pointer collides with a virtual object and a rendering step, which calculates a surface contact point (SCP) using the information from the first step. Finally, a force is calculated which is sent to the force-feedback device.
We call two haptic algorithms collision equivalent if their the result of their collision step is the same for all possible situations.
Two haptic algorithms are render-equivalent if they collision equivalent and if for all possible situations, the difference between the SCPs returned by both render steps is smaller than the just noticeable difference 1 (JND). Finally, two haptic algorithms are equal if they are render-equivalent and if for all possible situations, the difference between the forces returned by both steps is also smaller than the JND.
Two algorithms can be compared for their performance if the are either collision equivalent, render-equivalent or equal: an algorithm has a better overall performance than another algorithm if the time needed to execute the former algorithm is significantly less than that need to execute the latter.
In order to evaluate a new algorithm, as mentioned before, we propose to use an empirical method and use statistical techniques to draw conclusions. We propose to use an algorithm that already has proven its "correctness" in practice as a comparison algorithm.
A number of reference objects, with different shapes and different numbers of polygons have to be chosen. We recommend to choose both concave and convex objects with a varying number of triangles. A number of users explore each object for a certain amount of time. In order to measure differences in the user's behaviour, we suggest to chose several differently skilled subjects (such as novice, experienced and expert users).
Next, the recorded samples are played back using another algorithm and the results are logged. For each algorithm, one can now statistically compare the execution time (e.g. using the student t-test), the result of the collision step, the surface contact point and the force vector. 1 The just noticeable difference is the smallest change in pressure, position, torque, . . . that can be detected by a human and depends on the body area where the stimulus is applied. To validate our methodology, we evaluated two algorithms of our haptic library, called HAL. This library is being built to suit our over-all research topics. The main advantage of this library is its extensibility and device independency. Figure 1 presents an overview of HAL. Only the parts that are relevant for this paper are shown. Central in the haptic rendering process is the "haptic world", which contains one or more haptic devices and a number of scene graphs. The haptic world collects the information from the haptic devices (position, velocity) and lets the active scene graph render its nodes (virtual objects, such as spheres and polymeshes).
The HAL haptic library is currently still under development, but a recent version can be downloaded from our website: http://www.edm.luc.ac.be/software/hal/.
Example evaluation
In order to evaluate the proposed technique, a comparison between two algorithms has been conducted in practice. Two test algorithms were developed within HAL: an algorithm, based on the God-object algorithm [1] , and a second algorithm, which optimises the previous algorithm by implementing spational partitioning using an octree [2] . Using the extensibility of HAL, extra classes were written in order to implement the evalution methodology.
As this is a proof of concept validation of our measurement method, we did not perform a full evaluation of the test algorithms. We chose the values of our parameters relatively small to end up with a manageable amount of data. We have tested three objects: a cube, consisting of 12 triangles, a sphere, consisting of 182 triangles and a sphere consisting of 562 triangles. Only one expert user tested the objects during 40 seconds.
Discussion
Lets assume the correctness of algorithm 1. First the collision equivalence of both algorithms has to be verified. If two algorithms are not collision equivalent, one cannot unambiguously draw conclusions from this test. Collision equivalency can be very easily checked by performing a query that only selects those samples in which the collision result of both algorithms was different. From our values we can even conclude the equality of both algorithms.
If we compare the calculation times for the samples in which both algorithms have collision, and the times of the samples in which no collision occurs, and we compare both algorithms using one-way ANOVA, we can conclude a significant improvement for the optimised algorithm (p<0.001). Since we could predict this result in advance, the proposed approach shows a statistically founded conclusion. 
Conclusions
In this paper we presented a theoretical framework and a practical discussion for an empirical method for comparing haptic algorithms. The proposed method addresses some flaws in currently known methods such as the difficulties to obtain exact numerical results, and the problem to offer identical input to the algorithms to be compared.
